Sequences within the R components of the long terminal repeats (LTRs) of several retroviruses are known to be involved at various steps in expression of the viral genomes. A series of experiments was performed to test whether sequences within the R regions of the murine leukemia viruses Akv and SL3-3 affect viral expression. By using plasmid clones of the viral LTRs linked to a reporter gene, deletion of the R region was found to decrease expression to variable extents in a series of mampnalian cell lines, with the largest effects being detected in murine fibroblasts. R-region sequences from the human immunodeficiency virus type 1 LTR or a random sequence were unable to substitute for the murine leukemia virus sequences. Transcripts from the R-regiondeleted templates were initiated at the proper site in the LTR, but their levels were decreased at least 10-fold. Nuclear run-on assays showed that the decrease caused by the R-region deletions was due, in part, to an effect on RNA polymerase loading, suggesting an effect on transcriptional initiation. The remainder of the activity was presumably due to a posttranscriptional effect. Analysis of the R-region sequences of murine leukemia viruses and related retroviruses led to the prediction of a conserved secondary structure in the transcribed RNA that might have a role in activity. We conclude that R-region sequences are of importance for the expression of a variety of retroviruses.
Retroviral long terminal repeats (LTRs) contain sequences necessary for viral expression and replication. LTRs comprise three regions, the U3 region, which contains enhancer and promoter elements, the R region, which includes the transcriptional initiation site of the viral RNAs, and the U5 region, which is a component of the untranslated leader sequence. Retroviral transcripts initiate at the 5' U3-R boundary and are polyadenylated at the 3' R-U5 boundary, so that the R-region sequence is present at both ends of the viral RNA (55) . This repetition of the R region facilitates the first polymerase jump in reverse transcription and is therefore necessary for retroviral replication (29, 55) .
Sequences within the R regions of lentiviruses, including human immunodeficiency virus type 1 (HIV-1), and oncoviruses, including human T-cell leukemia virus type I (HTLV-I), bovine leukemia virus (BLV), and the reticuloendotheliosis virus chicken syncytial virus (CSV), have also been shown to be necessary for maximum activity of viral LTRs in expression assays (10, 18, 21, 23, 35, 41, 42) . This often involves a retrovirus-encoded transactivator protein and may encompass multiple levels of gene expression. For HIV-1, the retrovirus-encoded transactivator protein, Tat, acts on a sequence in the R region designated TAR (11, 18, 42, 43) . This interaction affects both transcriptional and posttranscriptional processes (4, 7, 8, 27, 33, 46, 47) . The stem-loop structure formed by the TAR sequence at the RNA level is critical for its activity (1, 12, 43, 44, 46) .
Sequences within the R regions of the 3' LTRs of HTLV-I and BLV act in conjunction with sequences within the U3 region to form the Rex-responsive elements (RREs) that respond to the virus-encoded Rex proteins (9, 21, 54) . These proteins are necessary for high levels of viral structural RNAs in the cytoplasm (54) . Rex-RRE interactions are also dependent on the formation of a complex secondary structure by the RRE RNA (54).
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In addition to these functions, the R regions of HIV-1, HTLV-I, BLV, and CSV contribute to gene expression in a transactivator-independent manner (10, 23, 35, 41) . Mutations within the HIV-1 R region decrease basal transcriptional activity and deletions of the R region in HTLV-I, BLV, and CSV decrease reporter gene expression in transient assays. Like HIV-1 RNA, CSV RNA has also been postulated to form a stem-loop structure at the 5' end of its R region (41) . It is possible that such structures present in transcribed R sequences may contribute to transcription, processing, transport, stability, or translational efficiency of retroviral RNAs. We hypothesized that the R regions of the murine leukemia viruses (MuLVs) might have similar functions. To test this, we constructed MuLV LTRs that contained deletions within the R region and tested the LTRs for activity in expression assays.
MATERIALS AND METHODS
Cell lines. NIH 3T3 and BALB/3T3 are mouse fibroblast cell lines (22) . RAG is a mouse kidney cell line (26) . MEL is a mouse erythroleukemia cell line from leukemic DBA/2 mice (37). J558 is a myeloma cell line from a BALB/c mouse (16) . L691-6 is a T-lymphoma cell line derived from a radiation-induced thymic lymphoma of a C57L mouse (34) . SL3-B is a T-lymphoma cell line derived from a thymic lymphoma from an AKR mouse injected with SL3-3 (SL3) virus (19) . CHO is a Chinese hamster ovary line (40) . K562 is a human multipotent hematopoietic line (31) . Jurkat and H9 are human T-cell lines (24, 39) . Cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum with the following exceptions: H9 was grown in DMEM with 15% fetal bovine serum, NIH 3T3 was grown in DMEM with 10% fetal bovine serum, CHO was grown in Iscove's modified Dulbecco's medium with 10% fetal bovine serum, and K562 and Jurkat were grown in RPMI 1640 with 10% fetal bovine serum. All media were supplemented with 100 U of penicillin and 100,ug of streptomycin per ml. All cells were grown at 37°C in 100% humidity and 7.5% Co2.
Plasmids. Structures of the plasmids used in this study are shown in Fig. 1 . Plasmids that contained the Akv or SL3
LTR fused to the chloramphenicol acetyltransferase (CAT) gene (Akv-CAT and SL3-CAT) were constructed as described previously (3, 5, 48 Adherent lines, with the exception of RAG, were transfected by the DEAE-dextran method. Cells were seeded the day before transfection at 105 cells per ml in 60-or 100-mmdiameter tissue culture plates. For transfection, the medium was removed and the cells were incubated with 4 to 10 ml of TD or serum-free medium with 250 ,ug of DEAE-dextran per ml and 2.5 to 5 ,ug of plasmid DNA for 1 h at 37°C. The supernatant was then removed from cells, and 5 to 10 ml of the appropriate medium was added to each plate.
We found that RAG cells could not be transfected by the DEAE-dextran method, so Lipofectin reagent (Bethesda Research Laboratories) was used. RAG cells were seeded at 5 x 104 cells per ml in 5 ml on a 60-mm-diameter plate the day before transfection. The medium was removed, and 3 ml of medium supplemented with 5% fetal bovine serum was added to each plate. Five micrograms of plasmid DNA was combined with Lipofectin reagent and doubly distilled H20 to a total volume of 100 pA, incubated at room temperature for 15 min, and added to each plate. Three milliliters of DMEM supplemented with 20% fetal bovine serum was added the next day.
Transfected cells were harvested and CAT assays were performed as previously described (3, 14, 30 G418-resistant clones from each transfection were pooled and maintained together to minimize effects on expression due to integration sites (36) . RNA preparation and primer extension analysis. NIH 3T3 control cells and cells constitutively expressing the LTR-CAT constructs were grown to confluence and total cytoplasmic RNA was extracted by Nonidet P-40 lysis and phenol extraction (32) .
Primer extension analysis of cytoplasmic RNA utilized an 18-nucleotide primer that hybridized near the 5' end of the CAT sequences in the transcripts and was performed as previously described (25), with the modifications that Moloney MuLV reverse transcriptase was used and primer extension was carried out at 42°C. Approximately 6,000 Cerenkov cpm of each sample were run on a 6% polyacrylamide denaturing gel, the gel was dried, and the products were detected by autoradiography.
Nuclear run-on analysis. Nuclei were isolated by lysing cells in 0.25% Nonidet P-40 with 15 strokes in a Dounce homogenizer and by centrifuging the cells through a 0.6 M sucrose cushion. The nuclei were resuspended in a solution consisting of 25% glycerol, 50 mM Tris-HCl (pH 8.0), 5 mM magnesium acetate, 0.1 mM EDTA, and 12 mM P-mercaptoethanol and immediately frozen and stored in liquid nitrogen. Nuclear run-on assays were performed as described by Zvibel et al. (57) , with minor exceptions. The nuclei were not pelleted after thawing. Instead, 100 RI of 2 x complete reaction buffer (57) was added to 100 RI of nuclei. The nuclei were then incubated in reaction buffer for 30 min without shaking. After proteinase K digestion, 2.5 ml of 0.1 M sodium acetate was added and the RNA was purified by standard hot phenol and chloroform extractions followed by ethanol precipitation. To eliminate unincorporated nucleotides, the samples were twice adjusted to 2 M ammonium acetate and precipitated with 2 volumes of ethanol. The same number of counts per minute from each RNA sample was added to scintillation vials containing Nytran filters to which 0.1 to 0.3 ,ug of a 1.6-kb CAT fragment (HindIll to BamHI [ Fig. 1] ) and a 0.8-kb o-actin fragment (a PstI-toBamHI fragment from plasmid pAC269 [45] ) were bound.
The filters were prehybridized at least 4 h and were then hybridized for 48 h at 37°C. A layer of paraffin oil was added to the vials to inhibit evaporation. Hybridization was quantified by scanning with an LKB Ultroscan XL laser densitometer. fused to the CAT gene (Fig. 1A) . Akv and SL3 are closely related MuLVs with identical R regions (28) . Constructs were made so that 29 nucleotides (positions +4 to +32, inclusive) of the R regions of Akv and SL3 were either deleted (AkvA&R-CAT and SL3AR-CAT) or replaced ( Parental and recombinant plasmids were tested in transient expression assays in NIH 3T3 murine fibroblasts ( of the same length, 82 nucleotides of the HIV-1 R sequence containing the entire TAR element, or 24 nucleotides of the HIV-1 R sequence containing sequences implicated in transcriptional initiation but deleting the TAR stem-loop could not restore wild-type levels of activity.
RESULTS

Effects
The inability of a random sequence of the same size to substitute for the MuLV R sequence in these constructs indicated that the effects on expression were specific to the 32 nucleotides of the R region present and were not simply a function of spatial arrangement. The inability of the HIV-1 R region to substitute for the MuLV R region suggested that the capacity to increase levels of CAT expression was specifically a property of the MuLV element.
To determine whether the effects of the MuLV R region were of general significance, the parental and recombinant constructs were tested in transient expression assays in a battery of different tissue culture cell lines. Ratios comparing the CAT activities of the parental and recombinant constructs are shown for each cell line in Table 1 . Deletion of the R sequence inhibited CAT expression in every rodent line tested and had variable effects in the human lines tested. The greatest effects were seen in the murine fibroblast lines, NIH 3T3 and BALB/3T3.
The Akv and SL3 LTR-CAT constructs used in these experiments contained 32 nucleotides of the R region and all but the 5' 36 nucleotides of the U3 regions fused to the CAT gene (Fig. 1A) . We wanted to determine whether deletion of the same component of the R region would have a similar effect in the context of the entire MuLV R and U5 regions and the untranslated leader sequence. We therefore constructed a similar deletion in plasmid pSL3 (402) nucleotides of the U5 region, and 258 additional nucleotides of the 5' untranslated region of SL3, fused to the CAT gene (Fig. 1B) 3T3 lines that constitutively expressed the mRNAs were generated. The LTR-CAT plasmids were cotransfected with pSV2neo (52) into NIH 3T3 fibroblasts, and transfectants were selected with G418. Resistant clones were pooled to compensate for the effects of integration sites on expression (36) .
The effect of the R-region deletion in the stably transformed cells paralleled that seen in the transient assays (Fig.  3) . However, the effect of the deletion was accentuated to 20-fold in both the Akv and SL3 backgrounds. In addition, the HIV-1 TAR region had a modest positive effect on expression from the integrated templates in the stably transformed lines, unlike the results seen in the transient assays. However, the effect was only a fraction of that exhibited by the MuLV R region.
To determine whether the transcriptional initiation sites remained the same in the recombinant constructs as in the parental constructs, cytoplasmic RNA was extracted from these cells and primer extension analysis was performed (25) . Primer-extended products from parental, R-regiondeleted, and TAR-substituted plasmids were then compared by polyacrylamide gel electrophoresis (Fig. 4) . One major product of the expected size was seen for each construct, consistent with initiation at the MuLV U3-R boundary. Presumably, sequences in U3 including the TATA box and the first 3 bp of the R region contain the information to specify the initiation site. The amounts of RNA transcribed from the constructs with the R region deleted or with TAR substitutions, however, were greatly decreased. Densitometry performed on the autoradiograph showed at least a 10-fold decrease in RNA levels from the AkvAR-CAT and SL3AR-CAT constructs compared with their respective wild-type levels. Therefore, the decrease in expression from the R-region-deleted constructs is due, in most part, to a decrease in steady-state mRNA levels.
Effects of the R region on transcription. The overall increase in cytoplasmic RNA levels when the MuLV R sequences were included may be the result of several processes, including increased transcription, more efficient processing and transport out of the nucleus, and greater stability. To test the first possibility, nuclear run-on assays were performed with the CAT-producing cell lines (57) quences extending from +4 to +32 downstrea site therefore appeared to have a role in determ of transcriptional initiation.
Since the presence of the 5' 32 nucleotides o increased expression by 20-fold in the stabl cells, we presume that transcriptional initiatiol only process to which R sequences contributed. R sequences may also contribute at a posttranscriptional level that results in an additional fivefold increase. Experiments are in progress to determine at what other level(s) the R region functions.
Sequence and secondary structure analysis of the R region. RNA secondary structure plays an integral role in expression of other retroviruses, including HIV-1, HTLV-I, and BLV. Therefore, an analysis based on the algorithm of Zuker and Stiegler (56) of possible secondary structures formed by the 5' 32 nucleotides of the R regions of Akv and SL3 was performed, yielding the structure shown in Fig. 6A . Comparison of R-region sequences (Fig. 6B) showed that there was 90 to 100% conservation of the 5' 32 nucleotides of this region among MuLVs and the related retroviruses 1111 gibbon ape leukemia virus and simian sarcoma virus. Interestingly, alignment of the sequences with the predicted secondary structure revealed that the only nucleotides in this region that varied among these viruses were those that are not involved in putative base pairing (Fig. 6B) . These nucleotides are marked with asterisks in Fig. 6A . Although we cannot predict whether the G in the 3-base bulge in the descending stem is base paired with the corresponding C in the ascending stem, it is interesting to note that these two bases are conserved among all the murine and simian viruses mic RNA exanalyzed (Fig. 6B) . [-] are also shown.) ax-Actin probe was a 0.8-kb PstI-to-BamHI fragment from plasmid pAC269 (45) . The CAT probe was a 1.6-kb HindIII-to-BamHI fragment (Fig. 1) from Akv-CAT.
DISCUSSION
Data presented here show that the R regions of the MuLVs, Akv and SL3, significantly contribute to viral LTR activity. Although the extent of the R-region effects varied, it is clear that this sequence was necessary for maximum LTR-driven expression in the mouse lines tested. In addition, some activity of the R region was seen in human and hamster cells. One possible interpretation of these results is that the R region may be recognized by one or more factors that act to stimulate expression. Since MuLVs are not known to encode transactivators, we presume that any such factors are of cellular origin and are present in a variety of cell types and species. Perhaps the variability in activity that was detected among the various lines reflected differences in the levels or activities of these factors. We note that the effects of the MuLV R sequences were slightly greater on the integrated templates than on the unintegrated templates. Our data indicated that the MuLV R sequence probably acted at more than one step in expression. Analysis of viral LTR-driven expression in stably transformed NIH 3T3 cells showed that there was a 20-fold total decrease in CAT expression upon deletion of the R element. Nuclear run-on assays using a hybridization probe that spanned the entire length of the transcript showed a fourfold decrease in activity when the R sequence was deleted, indicating that there was a corresponding decrease in RNA polymerase loading onto the templates. The simplest interpretation of these results is that the R sequences had a fourfold effect on transcriptional initiation. An alternative possibility is that R sequences affected polymerase processivity rather than initiation per se. This would be analogous to one of the mechanisms proposed for the activity of HIV Tat (8, 27, 33) . Interestingly, the activity of Tat is believed to require the stem-loop structure formed by TAR RNA (1, 8, 33, 46, 47) . Additional experiments will be required to elucidate the basis of the activity of the MuLV R region.
There is ample precedent for sequences 3' to the mRNA start site affecting initiation of transcription by RNA polymerase II in mammalian cells. Sequences termed initiator elements have been identified that span the cap sites of many genes, including those encoding mouse ribosomal protein S16, mouse terminal deoxynucleotidyltransferase, the adenovirus major late genes, and some Drosophila homeotic genes (2, 17, 20, 38, 49, 51) . Initiator elements have been shown to work either in conjunction with a TATA box or without one when a TATA box is not present to direct proper initiation (17, 49, 50) . Although the sequences spanning the Akv and SL3 initiation sites do not match the consensus sequence described for initiators very well (49, 50) , it is possible that the MuLV element functions in an analogous manner.
Sequences within the R regions of several retroviruses have been implicated in viral transactivator-independent expression. The HIV-1 R region was shown to affect transcriptional initiation (23) . It contains binding sites for the factors CTF/NF-1 and LBP-1 and exhibits an eight of ten match for the initiator consensus sequence (23, 50) . Mutation of these sequences led to decreased transcription (23) . However, the HIV-1 sequence could not substitute for the TdT initiator (50) . In our experiments, the HIV-1 sequences could, at most, only partially substitute for the MuLV element (Fig. 3) . It is possible that the MuLV and HIV-1 elements are functionally similar, yet are distinct in terms of the sequence context in which they can act. By using LTR-CAT reporter gene constructs, sequences in the R regions of HTLV-I, BLV, and CSV were also shown to be necessary for maximum expression in a transactivator-independent manner (10, 35, 41) . For CSV, analysis of the R-region RNA sequence showed that it could form a stemloop structure that might contribute to activity (41) .
To account for the full 20-fold effect of the R element (Fig.  3) , we presume that it affects one or more posttranscriptional steps. There is precedent for sequences in retroviral R regions affecting RNA processing, transport, or translation. HIV-1 Tat has been proposed to act through the TAR element RNA to stimulate expression at one or more posttranscriptional steps in addition to its effects on initiation and processivity (4, 7) . Tat increased expression of preformed HIV-1 RNA in Xenopus oocytes (4), although apparently not in human or monkey cells (6) . The (9, 21, 54) . RRE RNA forms a complex secondary structure (54) which is necessary for interaction with the Rex protein, thereby leading to increased cytoplasmic expression of viral structural proteinencoding RNAs. Additional experimentation will be needed to discern the mechanism by which the MuLV R sequence appears to affect expression posttranscriptionally.
R regions have been shown to be important for expression of a variety of retroviruses, including HIV-1, HTLV-I, BLV, CSV, and now MuLVs. The similarities of the predicted secondary structures of the R-region sequences of Akv and SL3 with the other members of the MuLV, gibbon ape leukemia virus, and feline leukemia virus retrovirus family (Fig. 6) 
